REVIEWER COMMENTS
Reviewer #1 (Remarks to the Author):

The authors present a cryo-EM refinement and classification-based strategy (cryoEMPEM)
to map the epitopes of polyclonal antibodies. They applied this strategy to evaluate several
BG505 Env trimer vaccines, including purified soluble Env trimers and nanopatrticle
presented Env trimers. Using cryoEMPEM, they were able to obtain high resolution
antibody-antigen complex structures. Based on these structures, they performed detailed
analyses of epitope-paratope interfaces and compared their polyclonal antibody responses
with previous immunization studies. Besides, they also used traditional methods such as
ELISA and TZM-bl pseudovirus infection assay to evaluate the antigen-specific responses
and neutralization titers. These results allowed them to understand the immunogenicity of
the vaccines and provide essential information for engineering the next generation of
vaccines.

The methods part of the paper is impressive. cryoEMPEM seems to be a really good
strategy to quickly map the epitopes. Compared with traditional methods such as
monoclonal antibody isolation, or neutralization assays using large panel of HIV strains, this
EM based strategy seems easier and more straight forward. Compared with nsSEMPEM,
cryoEMPEM gives higher resolution information that enables molecular-level understanding
of polyclonal antibody responses. In the Material and Methods part, the authors provided
enough information about sample preparation and cryoEM data processing procedures. As
someone with cryoEM experience, | think the Methods section is well written and should
allow others to follow cryoEMPEM.

The immunization part, on the other hand, might not be very exciting. Neither the BG505
SOSIP based vaccines nor the nanoparticles induced promising broadly neutralizing
antibodies. But the authors still carefully characterized the antibody responses, especially
their epitopes and paratopes. Their analyses revealed specific limitations of the vaccines
and will provide good references for future HIV vaccine design efforts.

Overall the manuscript will be insightful for the field and | support this publication. But | hope
the authors could address the following questions:

1. In figure 1B, C the authors showed and compared the binding and neutralization titers of
two groups. Can authors also compare these titers with previous immunization experiments
using other BG505 SOSIP based vaccines and comment on this in the results section?

2. The new gp120-gp120 interface epitope looks very interesting. I'm assuming these
antibodies are not observed in previous immunization studies. If so, can the authors explain
why the mutations of BG505 SOSIP .v5.2 N241/N289 can lead to these antibodies? The
results in Sl figure 1 do indicate that these stabilizing mutations are required for gp12-gp120
interface antibodies binding but | don’t quite understand the mechanism behind. Besides, will
all gp120-gp120 interface antibodies sterically prevent CD4 binding? Can the authors
conclude this just based on negative stain structures or it will require cryoEM resolution? It
will be nice if the authors could include several coordinates in their rebuttal.

3. During cryoEMPEM, I'm surprised that the authors increased the size of the spherical
mask around the Fab in the 2nd round of 3D classification, as | would imagine a smaller or at
least the same size mask will give higher map quality within the mask. Can the authors
explain their rationale? In the methods section the authors claimed that “The larger mask
allowed sorting based on the epitope-paratope features” but | don't quite understand this



sentence.

4. Antibodies targeting the C3/V5 epitope are the primary contributors to the autologous
neutralization in this paper, and also in many other immunization studies using nonhuman
primates. However, | don’t know any patient derived bNAb targeting this epitope. Is it
because these NAbs are strain specific? Or it's an animal model bias? Can the authors
comment on this?

5. The C54, C73, C74, and C561 disulfide bond network looks very interesting. Based on the
current resolution, does the new network only involve side chain conformational changes or
it also involves backbone changes as well? Besides, do authors only see this for Rh 33311-
pAbc-3 structure or for other Rh 33311 structures as well?

6. All group 3 animals developed V1/V2/V3 antibodies. This is as expected based on the
nanoparticle design and also consistent with previous nanoparticle immunization studies.
However, almost all group 3 animals developed antibodies targeting the base epitope. Do
the authors have a good explanation for this? In the discussion session the authors suggest
it could be due to nanopatrticle disassemble. Is there any evidence for that?

7. In Figure 6D, the authors should also indicate the neutralization titers like they did in figure
1D.

8. In the discussion session the authors claimed that cryoEMPEM analysis can be
completed within ~10 days from serum/plasma collection. | believe it is possible for the
authors as they are familiar with the procedures. However, | really doubt even a cryoEM
expert with enough resources can achieve this at the beginning. Therefore | hope the
authors can give a more detailed and more practical time estimation. This will give other
users a better idea of what to expect when they choose to perform cryoEMPEM themselves.
9. Personally, I think both nsEMPEM and cryoEMPEM are very promising strategies for
quick characterization of antibody responses. This is beyond the scope of this paper but |
hope the authors can write a protocol/methods paper to describe the detailed procedures,
including potential problems and how to trouble shoot. | look forward to seeing the potential
of ns/cryoEMPEM, not only for vaccine evaluation, but also for protein engineering and
directed evolution, etc.

Reviewer #2 (Remarks to the Author):

Antanasijevic and colleagues developed a high-resolution structure-determination workflow
by cryo-EM (cryo-EM-based polyclonal epitope mapping) to discover polyclonal antibody
responses to HIV Env immunogens. Upon immunization of three groups of rhesus
macaques with two different soluble or a nanoparticle BG505 SOSIP-based immunogen, the
authors isolated polyclonal antibodies and determined in total 21 high-resolution cryo-EM
reconstructions of HIV trimer-immune-fab complexes. It is exciting to see how the elegant
and efficient cryo-EM processing workflow revealed high-resolution epitope information for
these heterogenous polyclonal antibody complexes. The cryo-EM statistics look great and
the shown density maps confirm the high quality of the presented data. The impressive
number of determined structures provide a basis for the design HIV vaccines based on
BG505 SOSIP immunogens and highlights the importance of carefully introducing stabilizing
mutations while maintaining neutralizing responses. Given the importance of HIV infections
in public health, this study has very likely a high impact for the design of future vaccines.
Moreover, the developed structure determination workflow is not limited to HIV and is
applicable for studying different vaccine platforms in a broad range of diseases. Overall, |
find that this work is of high quality and of high significance for a broad readership. My
comments below are minor and refer mainly to data presentation.



Comments:

1. The cryoEMPEM workflow is one of the key points of this work. | would find it very helpful
if the authors can briefly explain the key steps of the purification and processing workflow in
the main text (not only in the material and methods).

2. 1 would find it also very helpful if the authors could illustrate key steps of the cryoEMPEM
processing workflow in main Figure 2 (currently only in Figure S2) and provide the color
code legend for the respective antibody binding sites (as shown in Figure 1) also in Figure 2
3. For the cryoEMPEM workflow, it would be great if the authors can show a SEC profile of
the final purification before grid freezing (highlighting also the selected fractions) to
understand the homogeneity/heterogeneity of the sample.

4. For Figure 1A/Table S1, it could be helpful if the authors can also highlight the position of
the stabilizing or immunogenic mutations used in this study on a structural model.

5. For Figure 3 + 4 it is difficult to see the glycans and fab positions on the overview panel of
the antigen model. It may be easier to appreciate the position of the Fabs and glycans if the
antigen is shown as a space-filling/ surface representation instead of the ribbon/cartoon
style.

6. For Figure S1+S7, it is almost impossible to read the scale on the micrographs. A
descriptive explanation in the legend could be helpful

Reviewer #3 (Remarks to the Author):

Antanasijevic et al. used several stabilized BG505 SOSIP constructs to immunize the
monkeys and analyzed the profile of polyclonal antibody responses by using (cryoEMPEM).
This study provided very useful information BG505 immunigen and this manuscript was well
organized. | suggest revise before accepting.

1.The animals had been immunized four times, but the interval between two doses is
different. Please describe the reason.

2.In Figure 1B, the titre of binding antibody in sera from monkey immunized with BG505
SOSIP MD39 had increased with more times of immunization, but the titre of binding
antibody in monkey immunizd with BG505 SOSIP.v5.2 N241/N289 had decreased, and that
in monkey immunized with BG505 SOSIP-T33-31(Figure 6B) had no change with more
times of immunization. Please describe the reason. Figure 6B and C had no control and
authors described in text that results in Figure 6B and C were compared with those in Figure
1 B and C, but did't mention whether the tests for Figure 6B,C and Figure 1B, C had been
done in same time.

3.Figurel D showed the polyclonal antibody response in monkey after third immunization.
But Figurel C showed that the titre of neutralizing antibody had increased with more times of
immunization. Why didn’t select sera with highest titer of neatralizing antibody for analyzing
nsEMPEM.

4.In Figure 1 D, BG505 SOSIP MD39 was used to immunize 6 monkeys. Among them, two
produced neutralizing antibody anginst N241 GH, and two produced neutralizing antibody
against N289 GH(N355) . Among 6 monkeys immunized with BG505 SOSIP.v5.2
N241/N289, only 1 mokney produced neutralizing antibody against N289 GH(N355). This
result cannot reach the conclusion that “the presence of N241 and N289 glycans in the
BG505 SOSIP.v5.2 N241/N289 immunogen suppressed the antibody response against this
epitope”. More tests needed to confirm this.

5.Didn’t show whether the nanoparticle could increase the titre of neutralizing antibody.



REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The authors present a cryo-EM refinement and classification-based strategy (cryoEMPEM) to map the
epitopes of polyclonal antibodies. They applied this strategy to evaluate several BG505 Env trimer
vaccines, including purified soluble Env trimers and nanoparticle presented Env trimers. Using
cryoEMPEM, they were able to obtain high resolution antibody-antigen complex structures. Based on
these structures, they performed detailed analyses of epitope-paratope interfaces and compared their
polyclonal antibody responses with previous immunization studies. Besides, they also used traditional
methods such as ELISA and TZM-bl pseudovirus infection assay to evaluate the antigen-specific responses
and neutralization titers. These results allowed them to understand the immunogenicity of the vaccines
and provide essential information for engineering the next generation of vaccines.

The methods part of the paper is impressive. cryoEMPEM seems to be a really good strategy to quickly
map the epitopes. Compared with traditional methods such as monoclonal antibody isolation, or
neutralization assays using large panel of HIV strains, this EM based strategy seems easier and more
straight forward. Compared with nsEMPEM, cryoEMPEM gives higher resolution information that enables
molecular-level understanding of polyclonal antibody responses. In the Material and Methods part, the
authors provided enough information about sample preparation and cryoEM data processing procedures.
As someone with cryoEM experience, | think the Methods section is well written and should allow others
to follow cryoEMPEM.

The immunization part, on the other hand, might not be very exciting. Neither the BG505 SOSIP based
vaccines nor the nanoparticles induced promising broadly neutralizing antibodies. But the authors still
carefully characterized the antibody responses, especially their epitopes and paratopes. Their analyses
revealed specific limitations of the vaccines and will provide good references for future HIV vaccine design
efforts.

Overall the manuscript will be insightful for the field and | support this publication. But | hope the authors
could address the following questions:

1. In figure 1B, C the authors showed and compared the binding and neutralization titers of two groups.
Can authors also compare these titers with previous immunization experiments using other BG505 SOSIP
based vaccines and comment on this in the results section?

Per reviewer’s suggestion, the comparison to previously published immunization experiments has been
added the results section (lines 107-111).

2. The new gp120-gp120 interface epitope looks very interesting. I'm assuming these antibodies are not
observed in previous immunization studies. If so, can the authors explain why the mutations of BG505
SOSIP .v5.2 N241/N289 can lead to these antibodies? The results in S| figure 1 do indicate that these
stabilizing mutations are required for gpl12-gp120 interface antibodies binding but | don’t quite
understand the mechanism behind. Besides, will all gp120-gp120 interface antibodies sterically prevent
CD4 binding? Can the authors conclude this just based on negative stain structures or it will require
cryoEM resolution? It will be nice if the authors could include several coordinates in their rebuttal.

To address the reviewer’s questions, we have included the following edits to the revised version of the
manuscript:



3. During cryoEMPEM, I’'m surprised that the authors increased the size of the spherical mask around the
Fab in the 2nd round of 3D classification, as | would imagine a smaller or at least the same size mask will
give higher map quality within the mask. Can the authors explain their rationale? In the methods section
the authors claimed that “The larger mask allowed sorting based on the epitope-paratope features” but |
don’t quite understand this sentence.

4. Antibodies targeting the C3/V5 epitope are the primary contributors to the autologous neutralization
in this paper, and also in many other immunization studies using nonhuman primates. However, | don’t
know any patient derived bNAb targeting this epitope. Is it because these NAbs are strain specific? Or it’s
an animal model bias? Can the authors comment on this?

5. The C54, C73, C74, and C561 disulfide bond network looks very interesting. Based on the current



resolution, does the new network only involve side chain conformational changes or it also involves
backbone changes as well? Besides, do authors only see this for Rh 33311-pAbc-3 structure or for other
Rh 33311 structures as well?

6. All group 3 animals developed V1/V2/V3 antibodies. This is as expected based on the nanoparticle
design and also consistent with previous nanoparticle immunization studies. However, almost all group 3
animals developed antibodies targeting the base epitope. Do the authors have a good explanation for
this? In the discussion session the authors suggest it could be due to nanoparticle disassemble. Is there
any evidence for that?

7. In Figure 6D, the authors should also indicate the neutralization titers like they did in figure 1D.

—

8. In the discussion session the authors claimed that cryoEMPEM analysis can be completed within ~10
days from serum/plasma collection. | believe it is possible for the authors as they are familiar with the
procedures. However, | really doubt even a cryoEM expert with enough resources can achieve this at the
beginning. Therefore | hope the authors can give a more detailed and more practical time estimation. This



will give other users a better idea of what to expect when they choose to perform cryoEMPEM
themselves.

To address the reviewer’s comment, we have now updated the discussion section with a more detailed
analysis of individual steps within cryoEMPEM workflow and time estimates for each step (lines 471-476)

9. Personally, | think both nsEMPEM and cryoEMPEM are very promising strategies for quick
characterization of antibody responses. This is beyond the scope of this paper but | hope the authors can
write a protocol/methods paper to describe the detailed procedures, including potential problems and
how to trouble shoot. | look forward to seeing the potential of ns/cryoEMPEM, not only for vaccine
evaluation, but also for protein engineering and directed evolution, etc.

We sincerely appreciate the support and enthusiasm from the reviewer, as ns/cryoEMPEM methods
represent something that we want to pursue long-term in the lab. Coincidentally, we are in the process
of preparing a protocol/methods paper on novel optimized strategies for EMPEM analysis (focusing
primarily on polyclonal sample processing and expanding the detection range).

Reviewer #2 (Remarks to the Author):

Antanasijevic and colleagues developed a high-resolution structure-determination workflow by cryo-EM
(cryo-EM-based polyclonal epitope mapping) to discover polyclonal antibody responses to HIV Env
immunogens. Upon immunization of three groups of rhesus macaques with two different soluble or a
nanoparticle BG505 SOSIP-based immunogen, the authors isolated polyclonal antibodies and determined
in total 21 high-resolution cryo-EM reconstructions of HIV trimer-immune-fab complexes. It is exciting to
see how the elegant and efficient cryo-EM processing workflow revealed high-resolution epitope
information for these heterogenous polyclonal antibody complexes. The cryo-EM statistics look great and
the shown density maps confirm the high quality of the presented data. The impressive number of
determined structures provide a basis for the design HIV vaccines based on BG505 SOSIP immunogens
and highlights the importance of carefully introducing stabilizing mutations while maintaining
neutralizing responses. Given the importance of HIV infections in public health, this study has very likely
a high impact for the design of future vaccines. Moreover, the developed structure determination
workflow is not limited to HIV and is applicable for studying different vaccine platforms in a broad range
of diseases. Overall, | find that this work is of high quality and of high significance for a broad readership.
My comments below are minor and refer mainly to data presentation.

Comments:

1. The cryoEMPEM workflow is one of the key points of this work. | would find it very helpful if the authors
can briefly explain the key steps of the purification and processing workflow in the main text (not only in
the material and methods).

To address the reviewer's comment, we have now included additional description of the sample
preparation and data processing workflows in the Results section (lines 138-150).

2. 1 would find it also very helpful if the authors could illustrate key steps of the cryoEMPEM processing
workflow in main Figure 2 (currently only in Figure S2) and provide the color code legend for the respective
antibody binding sites (as shown in Figure 1) also in Figure 2



3. For the cryoEMPEM workflow, it would be great if the authors can show a SEC profile of the final
purification before grid freezing (highlighting also the selected fractions) to understand the
homogeneity/heterogeneity of the sample.

4. For Figure 1A/Table S1, it could be helpful if the authors can also highlight the position of the stabilizing
or immunogenic mutations used in this study on a structural model.

5. For Figure 3 + 4 it is difficult to see the glycans and fab positions on the overview panel of the antigen
model. It may be easier to appreciate the position of the Fabs and glycans if the antigen is shown as a
space-filling/ surface representation instead of the ribbon/cartoon style.

6. For Figure S1+S7, it is almost impossible to read the scale on the micrographs. A descriptive explanation
in the legend could be helpful

Reviewer #3 (Remarks to the Author):

Antanasijevic et al. used several stabilized BG505 SOSIP constructs to immunize the monkeys and analyzed
the profile of polyclonal antibody responses by using (cryoEMPEM). This study provided very useful
information BG505 immunigen and this manuscript was well organized. | suggest revise before accepting.

1.The animals had been immunized four times, but the interval between two doses is different. Please
describe the reason.

2.In Figure 1B, the titre of binding antibody in sera from monkey immunized with BG505 SOSIP MD39 had



increased with more times of immunization, but the titre of binding antibody in monkey immunizd with
BG505 SOSIP.v5.2 N241/N289 had decreased, and that in monkey immunized with BG505 SOSIP-T33-
31(Figure 6B) had no change with more times of immunization. Please describe the reason. Figure 6B and
C had no control and authors described in text that results in Figure 6B and C were compared with those
in Figure 1 B and C, but did’t mention whether the tests for Figure 6B,C and Figure 1B, C had been done
in same time.

3.Figurel D showed the polyclonal antibody response in monkey after third immunization. But Figurel C
showed that the titre of neutralizing antibody had increased with more times of immunization. Why didn’t
select sera with highest titer of neatralizing antibody for analyzing nsSEMPEM.

4.In Figure 1 D, BG505 SOSIP MD39 was used to immunize 6 monkeys. Among them, two produced
neutralizing antibody anginst N241 GH, and two produced neutralizing antibody against N289 GH(N355) .
Among 6 monkeys immunized with BG505 SOSIP.v5.2 N241/N289, only 1 mokney produced neutralizing
antibody against N289 GH(N355). This result cannot reach the conclusion that “the presence of N241 and
N289 glycans in the BG505 SOSIP.v5.2 N241/N289 immunogen suppressed the antibody response against
this epitope”. More tests needed to confirm this.



5.Didn’t show whether the nanoparticle could increase the titre of neutralizing antibody.




REVIEWER COMMENTS

Reviewer #1 (Remarks to the Author):

The authors have answered all my questions in the 1st round review very well. Also they
have modified their manuscript accordingly to address these questions. | support the
publication and hope the results will be insightful for the HIV vaccine and structural biology
field.

Reviewer #2 (Remarks to the Author):

The authors addressed all of my points and concerns and provided additional data,
illustrations and explanations that greatly improved this manuscript.

I do not have any further comments and fully support publication of this work.

Reviewer #3 (Remarks to the Author):

| am satisfied with the responses and have no comments further.



